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Executive Summary 
 
The overall goal of this program is to utilize stabilized optical frequency combs from a 
modelocked diode laser as an orthogonal basis set of functions to realize an optical and/or 
RF arbitrary waveform generator.  Applications relate to advance radar/lidar, optical 
communications, and signal processing. 

 
Our key achievements are as follows: 
 
 

• Frequency domain based architecture using ‘comb-by-comb control’ 
 

• Architecture for spur suppression 
 

• Timing diagrams for a variety of waveforms 
 

• Demonstration of arbitrary RF sine waves 
 

• Demonstration of RF chirp generation 
 

• Comb stabilization 
 

• Utilization of novel hyperfine filter technology 
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Technical Discussion 
 

Introduction 
 
The development of high speed communications interconnects and signal processing is 
critical for an information based economy.  Lightwave technologies offer the promise of 
high bandwidth connectivity from component development that is manufacturable, cost 
effective, and electrically efficient.  Most recently, the concept of optical 
frequency/wavelength division multiplexing has revolutionized methods of optical 
communications; however the development of optical systems using 100’s of 
wavelengths present challenges for network planners.  The development of compact, 
efficient optical sources capable of generating a multiplicity of optical 
frequencies/wavelength channels from a single device could potentially simplify the 
operation and management of high capacity optical interconnects and links.   In addition, 
the potential for exploiting the coherent nature of light opens the possibility for spectrally 
efficient communications and signal processing [1,2]. 
 
Modelocked semiconductor lasers emit short (<1 picosecond) optical pulses at high pulse 
repetition frequencies (> 1 GHz) and can be utilized for a wide variety of applications, 
but are typically geared towards time domain applications, e.g., optical time division 
multiplexed optical links, optical sampling, etc.  It is interesting to note that the periodic 
nature of optical pulse generation from modelocked semiconductor diode lasers also 
makes these devices ideal candidates for the generation of high quality optical frequency 
combs, or multiple wavelengths, in addition to the ultra short temporally stable, high peak 
intensity optical pulses that one is accustomed to.  The optical frequency combs enables a 
variety of optical communication and signal processing applications that can exploit the 
large bandwidth and speed that picosecond pulse generation implies, however the 
aggregate speed and bandwidth can be achieved by spectrally channelizing the 
bandwidth, and utilize lower speed electronics for control of the individual spectral 
components of the modelocked laser.  This report will highlight recent results in using 
modelocked semiconductor lasers for applications in networking, instrumentation and 
signal processing.   
 
An example of the flexibility and utility of modelocked optical pulses/optical frequency 
combs in ultrahigh capacity communications and signal processing is shown in Figure 1.  
This figure shows 3 possibilities of how optical frequency combs can be used in: 1) 
analog or digital wavelength division multiplexed formats,  where each comb line is 
independently modulated and coherently detected using combs from a separate 
synchronized receiver modelocked laser, 2) ultrahigh speed optical time division 
multiplexed formats, where the high data rate pulse sequences are temporally 
demultiplexed by the synchronized receiver modelocked laser  and 3) optical code 
division multiplexed formats, where the transmitted pulses are modulated using on-off 
keying, and subsequently spectrally phase encoded, with the reception being performed 
by coherent homodyne detection using the synchronized receiver modelocked laser.  The 
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key aspects of this approach are to use the optical frequency comb source in three 
different modalities that exploit the fundamental nature of phase coherent optical 
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Figure 1  Use of optical frequency combs for time domain, frequency domain, and code domain 

modulation formats 
 
frequency combs.  These salient features are: 1) the short optical pulse duration generated 
(for OTDM formats), 2) the narrow linewidths and multiplicity of optical frequency 
components (for direct and coherent detection analog or digital WDM formats) and 3) the 
spectral phase coherence which will allow for frequency domain based coding techniques 
(for secure OCDMA formats) [3].   
 
A second important application of modelocked lasers are in areas of microwave 
photonics, optical pulse shaping, optical sampling for analog to digital converters and for 
digital to analog converters for arbitrary waveform generation [4-9].  A unique feature of 
optical frequency combs is their ability to synthesize optical and RF waveforms.  The 
generation of arbitrary optical and RF waveforms can be achieved by exploiting recent 
advances in the generation of stabilized optical pulse trains from modelocked 
semiconductor diode lasers [10-12].  In addition, the demonstration of arbitrary optical 
and RF waveform generation based on semiconductor optoelectronics provides a path for 
high performance imaging techniques based on a chip-scale semiconductor material 
platform that can be compact, efficient, cost effective and manufacturable. A simple 
illustration of a generic optical arbitrary waveform generator (OAWG) based on Fourier 
based frequency domain processing is shown in Figure 2.  In this figure, the axial modes 
of a modelocked laser are frequency demultiplexed to allow the selection of a fixed 
number of independent axial modes, N.  The amplitudes and phases of each mode can be 
adjusted to serve as the coefficients in a Fourier series basis, to generate an arbitrary 
waveform.  Each mode is subsequently coherently combined using a spectral multiplexer 
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and the resultant optical waveform is generated.  To detect the signal, a second set of 
stabilized optical frequency combs is spectrally demultiplexed and optically mixed with 
the synthesized signal, on a mode by mode basis.  In this way, the modulation and 
detection bandwidths only need to be as wide as the axial mode spacing, and thus 
exploiting the truly parallel nature of this approach. 

Optical Frequency Comb Generator
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Output

To control electronics
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Application

 
Figure 2  Chip scale optical waveform generator and waveform detector based on optical spectral 

synthesis 
 

Theory 
 
The theoretical foundation of an optical arbitrary waveform generator is firmly rooted in 
frequency domain based Fourier synthesis techniques.  The desired arbitrary waveform is 
generated by synthesizing a time varying intensity waveform by using a set of periodic, 
phase-locked (coherent) optical frequencies.  The comb of optical frequencies is obtained 
by using a modelocked laser.  The laser operates at a pulse repetition period of T, 
producing optical pulses with a pulse duration of tp.  The corresponding optical spectrum 
of the laser consists of a comb of periodically spaced, phase-locked optical frequencies, 
spaced at 1/T, with the number of comb components approximately equal to N=T/tp , (see 
Fig. 3). One can construct the desired waveform by considering the optical comb 
components as a discrete set of sinusoids that can be used to generate any periodic 
waveform by adjusting the relative amplitude and phase of each comb component. The 
generated waveform is given as [13] 

∑
=

++=
K

k
kk tkAAtf
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0 )co s(
2

)( αω
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where f(t) is the desired waveform, Ak are the Fourier coefficients for the amplitude, αk 
are the relative phase, and k is the comb component.  In this case the generated waveform 
can be an arbitrarily designed waveform, constrained only by the number of comb 
components, and discrete values of amplitude and phase.  The fidelity of the regenerated 
waveform owing to limited k, and discrete Ak & αk, can easily be quantified by using a 
least squares error analysis. Most importantly the reconstructed waveform is periodic at 
the period of the modelocked laser. 
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Figure 3  Time and frequency representation of a modelocked optical pulse train and waveform 

generation by spectral filtering 
 
By extending these concepts to analog, time varying values of Ak, αk, one can generate 
arbitrary waveforms that no longer appear periodic.  This is depicted schematically in 
Fig. 4.  The case of dynamic spectral modulation to create arbitrary waveforms can be 
modeled using a joint time-frequency representation of the desired waveform f(t) to be 
generated.  For simplicity consider the “short-time Fourier transform” STFT(ω,t).  In this 
formalization, information can obtained about the ‘time-varying’ spectrum of a signal.  
Given that the amplitudes and phases of spectral components from the STFT can be 
specified, any arbitrary waveform can be reconstructed, assuming that the STFT exists.  
The short time Fourier transform is given by 
 

τωτττ
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Figure 4  Schematic of the process of waveform generation based on dynamic spectral modulation 

 
 
where  f(t) is the reconstructed waveform and is given by 
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In these equations, M(θ,t) is the characteristic function or 2-dimensional Fourier 
transform of the magnitude squared of the STFT, A(θ,τ)  is the ambiguity function, and 
g(t) is the gating function [14].  
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In this formulation, one can either know a priori how the amplitudes and phases are to be 
modulated and then construct the desired waveform, or conversely, design the desired 
signal and then generate the time varying amplitudes and phases that, when applied to the 
modulators, will generate the desired signal.   It should be noted that the concept of 
frequency domain based pulse shaping is well founded, however, in those architectures, 
groupings of longitudinal modes are manipulated using liquid crystal modulators, which 
limits the waveform update rate to the kilohertz regime[4].  The current architecture 
provides for the highest possible spectral resolution which allows the pulse shapes to fill 

(3) 

(4) 

(5) 
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the temporal window between pulses and also allows the waveforms to be updated at 
rates equal to the modelocked repetition rate.  It should be noted that advances are being 
made in modulator array technology that will lead to improving the update rate in optical 
arbitrary waveform generators [15]. 
 
Some desirable output waveforms and capabilities of an OAWG would be to 1) generate 
ideal optical sine waves that should be continuously tunable over entire OAWG 
bandwidth, 2) generate ideal impulses where the pulse duration is limited in duration by 
the optical bandwidth of the OAWG, 3) generate every conceivable waveform within 
these limits, and 4) switch between waveforms as fast as possible.  It should be noted that 
this approach is similar to other frequency domain based pulse shaping, with the salient 
difference being the spectral resolution used in each approach.  In general, conventional 
pulse shaping architectures operates on grouping of longitudinal modes where as the 
approach illustrated here operates on individual longitudinal modes.  This difference 
allows the OAWG to possess the highest possible resolution in waveform generation and 
fast update rates.  In addition, the high spectral resolution provides the ability to 
completely fill the temporal window defined by the pulse repetition rate.  Finally, the 
OAWG possesses the capability to generate pure arbitrary cw signals as well as arbitrary 
pulsed signals. 
 

Simulation of Test Waveforms 
 
Time Domain Interleaving for Arbitrary Sinewaves and Chirps 
This section shows simulations of some selected waveforms. The purpose of the 
simulations are to show the specific challenges that may limit the performance associated 
with frequency domain based OAWGs and highlight potential solutions for these 
limitations.  The simulations are performed in Matlab.  A set of complex optical carrier 
frequencies is used.  The optical comb components are equally spaced in frequency, with 
time varying amplitudes and phases.  The optical frequencies are coherently added to 
generate the desired signal.  To illustrate some key challenges, the intensity of the desired 
signal is calculated, since the receiver scheme for OAWGs rely on coherent optical 
hetero- or homodyning, where the mixed optical intensity is photodetected. 
 
To illustrate a key challenge, consider the generation of a single arbitrary sine wave.  It is 
well known that by using the comb of a modelocked laser, well defined sinewaves can be 
generated, but only at discrete frequencies.  On the other hand, the concept of 
serrodyning can be employed to convert any one of the discrete frequencies from an 
optical frequency comb to an arbitrary frequency [16-18].  This is most easily achieved 
by imparting a linear phase ramp to one of the comb components (see Figure 5).  In this 
case, a time varying linear phase ramp impressed on a sine wave results in a static 
frequency shift of the original sine wave.  The challenge of this serrodyning approach to 
generate an arbitrary frequency results from the practical nature of common optical phase 
modulators, in that these modulators are can not be driven with continuously increasing 
voltage to increase the phase.  Generally, when the applied voltage reaches a value on the  
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Figure 5   Concept of serrodyne modulation. (a) Experimental configuration and mathematical 

representation, (b) Experimental results showing the original tone and the shifted tone with spurs 
due to the finite fall time of the phase modulator 

 
order of Vπ, the applied voltage needs to be ‘reset’ such that the phase modulation can 
continue.  During this ‘reset’ time, since the fall time of the modulator is not infinitely 
fast, the linearity of the phase modulation is interrupted, thus creating unwanted 
frequency components in the generated signal.  Figure 5 shows a simple schematic for 
creating a serrodyned waveform, along with time and frequency domain plots of the 
waveform and power spectra, respectively.  Note that when the phase modulation is being 
reset, the temporal waveform is corrupted which results in additional frequency 
components, or spurs, in the power spectrum.  One possible solution to this problem is to 
use a time domain based interleaving approach to assist in suppressing the unwanted 
frequency components associated with the finite bandwidth of the phase modulators [19].  
This approach is conceptually illustrated in Figure 6, and described below. 
 
The modelocked comb is split into two identical combs.  Waveform generation is 
performed on one comb set, while the second comb set is off (intensity modulators in the 
off state).  As the applied voltages on the phase modulators approach the maximum 
allowed value, the intensity modulators turn off these combs and the phases are allowed 
to reset.,  As the combs from set one are being turned off, the intensity modulators of 
comb set two are turned on, with the appropriate phase modulation, to continue the 
waveform generation process.  Thus, the OAWG generates two waveforms that are 
temporally interleaved to create a single continuous waveform.  In this case, the 
detrimental effect of finite fall time of the phase modulators is suppressed since the 
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Figure 6  Use of two frequency comb sets in a time domain interleaving configuration for the 

suppression of spurs 
 
phases are being reset while the combs are off.  This results in a generated arbitrary 
waveform without the creation of unwanted frequency components.   In this geometry, 
the maximum modulation bandwidth required for the modulators is equal to the 
longitudinal mode spacing, or repetition rate of the modelocked laser, which physically 
allows the longitudinal modes to fill the bandwidth between modes.  It should be noted 
that there may be different modulation algorithms to generate a particular arbitrary 
waveform.  The particular modulation algorithms to generate each waveform were 
chosen to allow for analog waveforms applied to the phase modulators and digital 
waveforms applied to the amplitude modulators.  This was done to exploit the excellent 
linearity inherent in many phase modulators, and reduce the linearity requirement for 
amplitude modulators.   It should be noted that in addition to the generation of arbitrary 
optical waveforms, arbitrary RF waveforms can also be generated by optically detecting 
the individual signals from both AWG’s and electrically combining the photocurrents.  In 
this case, one has the ability to perform both coherent and incoherent addition of the 
optical fields. 
 
To further illustrate the operation of the OAWG using time domain interleaving for spur 
suppression and some inherent challenges, simulations of several waveforms were 
generated.  These waveforms were: 1) an arbitrary single tone, 2) two arbitrary tones, 3) a 
linear RF chirp and 4) a unit step tone. 
 



 10

Arbitrary Single Tone via Serrodyning 
An arbitrary single RF tone can be achieved by combining two optical frequency 
components, with a frequency separation Δf near the desired frequency, Δf + δf.  The 
desired RF waveform is obtained by impressing linear phase modulation onto one of the 
carriers and combining the result onto a photodetector.  The derivative of the time 
varying voltage applied to the phase modulator determines the addition frequency shift 
δf. Thus, in general, the frequency shift obtained is inversely equal to the time it takes for 
the phase modulator to vary from 0 to Vπ.  Fig. 7 shows the timing diagram for the 
applied voltages, as applied to both coherent comb sets, to realize the desired intensity 
and phase modulation to achieve an arbitrary single tone with serrodyning, as required by 
the time domain interleaving concept to avoid spurs generated from the finite reset time 
of the phase modulators.  Note that as the phase is returning to zero volts in AWG 1, the 
intensity of that comb component is zero, and the waveform generation process is 
governed by AWG 2.  Figure 8(a-c) shows the temporal output from the individual 
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Figure 7  Timing diagram of the applied signals to individual comb components to generate a single 

arbitrary tone, using time domain interleaving for spur suppression 
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Figure 8  Simulated plots of the generated waveform for the arbitrary single tone timing diagram in 

Figure 7 
 
waveform generators, highlighting the intensity and phase variations, while Fig. 8(d) 
shows how each of the three temporal segments represented by Fig. 8(a-c) are temporally 
interleaved to generate a continuous arbitrary RF tone.   
 
Two Arbitrary Tones 
The arbitrary two tone waveform is not directly obtained from an extension of the single 
tone case.    Nonetheless, by using three optical carriers, one can obtain any two desired 
arbitrary RF waveforms and a cross-product RF tone at the sum frequency of the two 
tones.  By low pass filtering, the desired arbitrary two tone signal is obtained. Figure 9 
shows the timing diagram to produce a continuous arbitrary two tone signal. 
 
The key penalty for this algorithm in generating a two tone signal is that one requires 
twice the optical bandwidth for a desired RF bandwidth.  In Figure 10(a) shows the 
generated time domain signal obtained by combing three optical carriers, with one center 
carrier and two optical carriers at higher and lower offset.  By phase modulation of the 
Stokes and anti Stokes carriers, the two tones are generated.   An additional RF 
component is generated at the sum frequency and is shown in the power spectrum (Fig. 
10(b)). 
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Figure 9  Timing diagram of the applied signals to individual comb components to generate an 

arbitrary tone signal 
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Figure 10  Simulated plots of the generated waveform for the arbitrary two tone timing diagram in 

Figure 9 
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Linear RF Chirp 
An arbitrary, intensity modulated linear chirp can be constructed by switching between 
multiple frequency comb bins of the OAWG.  As an example, the desired linear chirp can 
be generated as follows:   The starting frequency is chosen to be the frequency difference 
from two carriers.  Quadratic phase modulation is applied to carrier 1, which chirps the 
signal to a frequency equal to the difference between carrier 1 & 3.  Quadratic phase 
modulation is repeated on carrier one as carrier 2 is turned off and carrier 3 is turned on.  
The process is repeated until the desired stop frequency is obtained.  The timing diagram 
for the intensity and phase modulators using the time domain interleaving concept is 
shown in Figure 11. The simulated time domain output waveforms for the different 
interleaved temporal components of the composite waveform and the corresponding 
power spectrum of the composite waveform is shown in Fig. 12. 
 
Single Tone Unit Step Function 
An alternate algorithm to generate waveforms utilizes a combination of time domain 
interleaving and pulse shaping.  Consider for example, the generation of a transient 
waveform, such as the single tone unit step function.  In this case, the intent is to 
instantaneously turn on a single tone.  The challenge arises owing to the limited 
bandwidth of the modulators and the large bandwidth required that exists during the 
rising edge of the generated waveform.  This can be achieved by slowly turning on a 
single tone with AWG 1 and designing a pulse shape from AWG 2 that represents that 
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Figure 11  Timing diagram of the applied signals to individual comb components to generate a 

chirped signal 
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Figure 12  Simulated plots of the generated waveform for the chirp timing diagram in Figure 11 

 
portion of the generated waveform that is not desired in the final output.  By differentially 
combining the detected photocurrents, an approximation of the desired waveform is 
generated. 
 
The limitation of this approach is that the generated waveform is an approximation to the 
desired waveform since the shaped pulse is only an approximation of the undesired part 
of the waveform generated by AWG1.  The approximation is due to the finite number of 
combs used to generate the shaped pulse.  By using more frequency combs, a better 
approximation of the shaped pulse is obtained, leading to a better approximation to the 
desired waveform.  In Figure 13 are the waveforms generated from AWG1 (Fig. 13(a)) 
and an approximation of the shaped pulse from AWG2 (Fig. 13(b)).  The differentially 
combined photocurrent is shown of the desired waveform (Fig. 13(c)), along with the RF 
power spectrum of the generated waveform (Fig. 13(d)).  For comparison, in the RF 
power spectrum, the power spectrum of a periodic square wave tone is plotted, which 
highlights the similarities and differences.  Most notable is the broad spectral feature in 
the power spectrum of the generated waveform which results from the finite number of 
combs used to generate the pulse shape creating the rising edge of the desired waveform. 
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Figure 13  Simulated plots of a generated waveform using both pulse shaping and dynamic 

modulation schemes to generate a ‘step-like’ transition on a carrier frequency 
 
   

Experiments 
 
Comb Technology 
To realize a functional arbitrary waveform generator based on dynamic Fourier synthesis 
of an optical frequency comb, the quality of the optical comb source will determine the 
ultimate performance of the AWG.  In addition, since the optical combs must be 
demultiplexed for AM and PM modulation and subsequently re-multiplexed, the optical 
frequency comb must be stabilized so there is no drift of the frequency comb with respect 
to the comb demultiplexer.  To achieve this, the modelocked laser must be frequency 
stabilized.  Currently, the approach being explored for the generation of stabilized optical 
frequency combs is to construct an external cavity harmonically modelocked 
semiconductor laser in a ring configuration and incorporate an intracavity, high finesse 
etalon that will serve to select the operation of a single longitudinal mode grouping [20].  
This technique was shown to be instrumental in developing ultra low timing jitter optical 
pulses and is called “supermode suppression” [21].  In addition, a feedback loop to 
control and stabilize the laser is used [22].  The stabilization method is the standard 
“Pound-Drever-Hall” (PDH) technique [23].  Figure 14 shows a schematic diagram of the 
external cavity modelocked laser that employs an intracavity etalon to allow for the 
suppression of unwanted optical frequencies (supermode suppression) to generate a set of 
stabilized coherent optical frequencies.  Additional stabilization and noise reduction is 
realized using a second phase locked loop that minimizes the long term, low frequency 
noise.  
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Figure 14  Schematic of a harmonically modelocked ring laser using an intracavity etalon to select a 

single longitudinal mode group and suppress supermode noise competition 
 
 
The current performance of the optical comb output is shown in Figure 15.  This figure 
highlights the output characteristics of the comb generator, which shows the optical 
frequency comb, the intensity autocorrelation, a heterodyne beat measurement that 
provides information on the long term frequency stability and linewidth of an individual 
comb component, and the residual phase noise (Fig. 15(d), left axis), or timing jitter (Fig. 
15(d), right axis), of the modelocked comb, measured to offset an offset frequency equal 
to half the pulse repetition rate [24, 25].   The average output power of the laser oscillator 
is 0.02 mW and subsequently amplified to 20 mW using an erbium doped fiber amplifier.  
The output pulses are ~17 psec and are ~4 times the transform limit, with a predominate 
linear chirp impressed on the pulses owing to the modelocking dynamics. 
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Figure 15  Output characteristics of the frequency stabilized harmonically modelocked laser. (a) 

Optical frequency comb, (b) intensity autocorrelation, (c) heterodyne beat measurement showing the 
frequency drift of the stabilized comb, and (d) the residual phase noise plot, along with the integrated 

timing jitter values 
 
 
 
Optical Comb Frequency Channelizing Filter Technology 
In order to obtain access to the individual components of the optical frequency comb, the 
spectrum must be demultiplexed.  This can be achieved by a variety of optical frequency 
filter technology, the choice of the filtering technology being dependent on the 
periodicity of the frequency comb.  For modelocked lasers with repetition rates on the 
order of several gigahertz, the frequency demultiplexing technology can rely on etalon 
based demultiplexers, such as the virtually imaged phased array (VIPA) filters or ring 
resonator based technologies [26-29].   Key aspects of the filter technology are the 
flatness of the filter channel, the crosstalk between filter channels, the steepness of the 
filter edges, and dispersion within individual filter channels and dispersion across the full 
filter bandwidth.  In addition, the filtering technology must be frequency matched, with 
respect to separating the channels and remultiplexing them subsequent to modulation.  As 
an example, Figure 16 shows overlaid plots of the experimentally measured frequency 
spectra of the individual channels from an etalon based frequency demultiplexer that have 
been used for experimental results described below.  For this filter, the channel to channel 
spacing was designed for 6.25 GHz, with 16 output channels.  Owing to the etalon nature 
of the demultiplexer, the filter has a free spectral range of 100 GHz, implying that output 
combs separated by 100 GHz will be present on a single output channel.    The overall 
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Figure 16  Overlaid spectral plots of the individual channels of the frequency demulitiplexer pair 

 
insertion loss is ~ -7 dB, with a channel to channel crosstalk between filter channels of  
~ -15 dB.  For some of the experiments carried out, a pulse repetition frequency of 12.5 
GHz was used to improve the channel to channel cross talk.  It should be noted that 
depending on the filter technology, the dispersion characteristics may vary independently 
across each channel, which would lead to impairments in the fidelity in waveform 
generation.  By characterizing the dispersive property across each channel, the overall 
impairments can be reduced by predistortion techniques applied to the phase modulators. 
 
Waveform Generation Results 
A prototype arbitrary waveform generator was realized by using a fundamentally 
modelocked external cavity modelocked diode laser operating at a pulse repetition 
frequency of 12.5 GHz.  This was chosen to be twice the channel to channel spacing of 
the frequency demultiplexer described above, in order to improve the channel to channel 
crosstalk performance.  A schematic of the setup is shown in Figure 17.  Only one AWG 
is experimentally used, since the generated waveforms shown in this section do not 
require temporal interleaving.  The optical combs were amplified in an SOA/EDFA 
amplifier chain, and subsequently passed through a dual grating dispersion compensator 
with an adjustable slit in the Fourier plane, to limit the input bandwidth to 100 GHz, and 
to suppress unwanted background spontaneous emission.   The laser produces optical 
pulses of ~ 1 psec after dispersion compensation and contained over 40 comb 
components within the -3dB bandwidth prior to filtering.  Owing to the fundamentally 
modelocked nature of the comb source at 6.25 GHz, and the finite finesse of the laser 
cavity, the individual comb components possessed a linewidth of ~ 50 MHz. 
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Figure 17  Experimental configuration of the arbitrary waveform generator 

 
 
To test the potential performance of the AWG, beat note measurements between several 
independent comb components were performed to determine the optical comb fidelity, 
the linewidth of the RF beat note, and the optical comb to comb frequency drift.  The 
results of these measurements are summarized in Figure 18. 
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Figure 18  RF beat notes generated by selected individual optical comb components 
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The salient features in this data set are the measured high dynamic range of the beat notes 
(~85 dB/Hz) as compared to the microwave synthesizer used to modelock the laser, and 
the narrow linewidth of the beat note which was resolution limited using a 100 Hz filter. 
The former shows that high quality, synthesizer like beat notes can be achieved, and the 
latter shows that despite the 50 MHz optical linewidth of a comb component, the beat 
notes are all resolution limited, below 100 Hz.  This shows that the optical phase noise is 
correlated across the spectrum, and that the relative comb to comb drift is less than 100 
Hz. 
 
To demonstrate the agility of the AWG, modulated sine waves, RF bursts, RF chirps, and 
arbitrary frequency sinewaves were generated using the time domain interleaving 
serrodyne approach.   Figure 19(a) show temporal outputs of a sine wave produced by 
two comb components, while Fig. 19(b) shows the temporal output of the same beat 
signal being modified to generate an RF burst.  Figure 19 (c) shows an RF spectrum of a 
two comb beat signal at 25.4 GHz and an RF spectrum of an arbitrarily shifted tone 
generated by the time domain interleaved serrodyne approach [30].  In the case of the 
serrodyned time domain interleaved case, the resultant RF tone is able to suppress the 
undesired spurs down to a level of -43 dB below the carrier.  This level of spur 
suppression is currently limited to the extinction ratio (~ -20 dB) of the intensity 
modulators using in generating the waveform.  Current state of the art intensity 
modulators have been shown to possess extinction ratios on the order of 60 dB, which 
could lead to spur suppression on the order of -120 dB. 
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Figure 19  Experimental results of dynamic modulation, showing the generation of RF bursts, and 
arbitrary RF tones, using serrodyning and time domain interleaving 
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Figure 20(a-d) show additional temporal and spectral plots of the arbitrary waveform 
generator using dynamic modulation.  In these data, a 12.5 GHz RF tone generated by 
combining two comb components is further modulated using a conventional LiNbO3 
modulator.  The comb components were amplified with an erbium doped fiber amplifier 
(EDFA), in order to measure the RF spectrum with high dynamic range.  For these plots, 
the LiNbO3 modulator was dc biased at quadrature (Fig. 20(a,b), and at the minimum 
transmission point (Fig. 20(c,d)).  The resultant modulated signal is seen to ride on top of 
a modulated dc background which is due to the background spontaneous emission created 
by the EDFA.  As a result, the measured RF spectra show the spectral peaks expected 
from Fourier analysis, however with added noise bands as exhibited by the broad 
pedestals accompanying the discrete spectral components. 
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Figure 20  Modulated sine waves and their corresponding RF spectra 
 
 
Figure 21(a-d) shows an example of chirp generation.  For this waveform, a two comb 
beat signal at 12.5 GHz was generated and subsequently phase modulated using a 
sinusoidal signal.  Typical experimentally generated outputs are shown in Fig 21(a,d) 
highlight the spectral and temporal characteristics, while data for a simulation of this case 
are shown in Fig. 21(b,c).  Note the good agreement between the experimentally 
measured outputs and their corresponding simulations.  
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Figure 21  Experimentally measured RF chirp spectrum (a) and its time domain counterpart. (b,c) 

simulations of the spectral and temporal output respectively 
 
 
Coherent Detection Communications and Signal Processing 
This section briefly introduces and describes one approach of using the optical frequency 
combs for either detecting an arbitrarily synthesized electric field (recall Fig. 2) or for 
coherent communications using a set of re-generated optical combs at the receiver to 
serve as a set of optical frequencies for a local oscillator receiver array.  Recall in Figure 
1 shows an illustration of using the optical frequency comb generated from a master 
oscillator modelocked laser (MO-MLL) as a set of discrete carriers of information.  Key 
to this approach is the use of a second set of optical frequency combs from a local 
oscillator modelocked laser (LO MLL) that will serve as coherent probes in a parallel, 
dense WDM coherent receiver arrayed architecture.   The second set of optical frequency 
combs can be made optically phase coherent by optically injecting a portion of the MO-
MLL light into the LO MLL.  The optical injection establishes coincidence in the optical 
frequency, phase and comb spacing between the two sources.  The resulting phase locked 
optical frequency combs can now be used in a variety of coherent homo- or heterodyne 
detection schemes [31-33].  Figure 22 illustrates a configuration for a coherent receiver in 
an optical code division multiplexed communication system.  The desired coded signal is 
properly decoded by using a set of optical frequency combs phase locked to the 
transmitter.  The receiver local oscillator combs have either the identical code, or the 
code conjugate.  The received signal is coherently detected, on a comb by comb basis, 
with the resultant beat signal of each channel summed coherently in the electrical domain 
to reconstruct and detect the received signal, completely suppressing the multi-user 
interference. 
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Figure 22  Schematic illustration of the use of optical frequency combs and injection locking to 

realize a coherent OCDMA receiver 
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Figure 23  Experimental setup demonstrating the use of optical frequency combs, injection locking 

and coherent detection for both analog and digital modulation formats 
 



 24

To support this concept, a key element is associated with recovering a set of optical 
frequency combs phase locked to the transmitter.  This can be achieved by optically 
injecting at least two comb components from the transmitter into a passively modelocked 
laser [34-36].  The salient feature for the requirement of at least two optical comb 
components for recovering a set of phase locked combs is that, in addition to the fact that 
the optical injection establishes the frequency and phase of the slave laser, at least two 
comb components are required to define the pulse repetition rate [37].   In Figure 23, an 
experimental configuration for using optical frequency combs for coherent analog and 
digital communications is illustrated, where the receiver local oscillator combs are made 
to be frequency and phase coherent with the transmitter laser by optical injection locking 
using two axial components of the transmitter laser.    In this experiment, the modelocked 
laser operates at 6.33 GHz, to match the demultiplexer used in this experiment.  Two 
axial modes from the master laser, S1 and S2, are used as optical seeds to injection lock 
the slave laser.  A single axial mode, M, is the channel that will carrier either analog or 
digitally modulated information.  The selected tone from the slave laser, LO, is used as 
the local oscillator for coherent detection.  It should be noted that the seed tones, the 
modulated carrier and the local oscillator are separate and distinct optical frequencies, to 
assure that the coherent performance is properly measured, without any added benefit of 
these signals being frequency coincident with each other. 
 
Spectra of the master laser, the slave laser under passive modelocked conditions, the 
selected two tones used for optical injection, and the slave laser under injection locked 
conditions are summarized in Figure 24.  It should be noted that the external cavity of the  
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Figure 24  (a) Output spectra of the hybrid modelocked transmitter laser (master), (b) output spectra 

of the passive modelocked laser (slave), (c) selected two tones from the master laser, (d) injection 
locked slave laser 



 25

the master laser was configured with a diffractive grating as a feedback element to limit 
the modelocked spectrum, which allowed the master laser to generate higher optical 
power per mode and facilitate the optical injection locking process.  Performance of 
optical injection locking of the slave laser is summarized in Figure 25.  Both the injection 
locking power requirements and injection locking bandwidth were measured.  An output 
characteristic of the slave laser that exhibited a large reduction in the noise sidebands of 
the RF power spectra under injection locking conditions was indicative of the slave laser 
being locked.  From these measurements it was found that robust locking of the slave 
laser could be achieved with ~-30 dB of injection power.  To determine the locking 
bandwidth, the master laser was detuned from the slave laser by adjusting the applied RF 
frequency.  With ~ -20 dB of injection power, a locking bandwidth of 3 MHz was 
achieved.  These results clearly demonstrate the robustness of optical injection locking 
for synchronizing independent modelocked laser sources. 
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Figure 25  Locking dynamics of the injection locked passive modelocked laser. (a) Series of spectra 
for increasing injection power, (b) series of spectra showing the locking range (fixed detuning and 

increasing injection power) 
 
To further determine the robustness of the injection locking process, the recovered optical 
frequency combs were demultiplexed and used as coherent local oscillator tones to detect 
both a two-tone analog signal and a pseudo-random digitally modulated signal.  The 
performance of the link using both two tone analog modulation and pseudo random 
digital modulation are shown in Figure 26. 
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Figure 26  Experimental results using the injection locked combs as a coherent receiver.  (a-c) two-

tone analog modulation. (d-e) 223-1 PRBS digital modulation 
 
 
In Figure 26(a), is the coherently detected IF frequency at 12.66 GHz when the slave 
laser is not locked.  The scan that is shown was chosen to illustrate a moment when the 
LO became randomly synchronized.  Under normal unlocked conditions, there is a 
complete absence of a regenerated IF tone.  Figure 26(b) shows the coherently detected 
IF and the associated two-tone modulated signals, under the conditions of robust injection 
locking.  Note the strong recovery of the IF as well as the detected two-tone signal.  
Figure 26(c) shows a high resolution plot of one of the analog tones after filtering 
through a high Q microwave filter, in order to obtain information on the dynamic range 
of the link for the current operating parameters.  In this case, a dynamic range of  60 
dB/Hz was obtained and was limited by the optical power of the individual recovered 
optical frequency comb used in the coherent detection process [38]. 
 
Figure 26(d-f), shows the performance of the coherent receiver for pseudo random digital 
modulation.  Figure 26(d) shows the back to back eye diagram for the case of using a 
single longitudinal mode from master laser and directly detecting pseudo-random digital 
modulation.  The modulation rate was chosen as 316.5 MHz, with a 223-1 PSRB bit 
pattern.  Figure 26(e) shows the performance of the coherent detection scheme, where a 
single longitudinal mode from the passive modelocked laser is used as a local oscillator 
to heterodyne detect the modulated carrier.  The intermediate frequency is 6.33 GHz 
suggesting that 20 cycles of the intermediate frequency can be integrated to denote 
logical ones and zeros.  In this case, the slave laser is not injection locked and hence, an 
envelope of the PSRB data is detected, with a closed eye.  Figure 26(f) shows the 
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detected eye diagram when the slave laser is under injection locked conditions.  The 
opened, well defined eye diagram, and its associated Q, implies error free operation 
(BER~ 10-9) for a received power of ~ -16 dBm and the conditions used in this 
experiment. 
 

Conclusions 
 
Optical frequency combs generated from modelocked lasers have been shown to be ideal 
optical sinusoids for a variety of coherent signal processing applications, specifically for 
both optical and RF arbitrary waveform generation, and for coherent receiver 
architectures.  Key in these applications is the need for the optical frequency comb 
generation (and regeneration) to be robust and stable.  The use of the optical frequency 
combs to generate arbitrary sinusoids, RF bursts, and RF chirps has been demonstrated.  
The time-domain interleaving concept has also been proposed  as a method to minimize 
undesirable optical and RF spurs in the synthesized waveform spectrum due to phase 
resetting limitations to ultimately realize endless operation at rates equal to the comb 
spacing, or pulse repetition rate of the modelocked laser.  The optical frequency comb set 
has also been shown to be suitable for DWDM communication links using either direct 
detection or coherent detection where a second injection locked optical comb source is 
used for the receiver local oscillators.   Future work in integrating filter technology with 
stabilized optical frequency comb sources will assist in suppressing the detrimental 
environmental effects that cause path length changes in the frequency multiplexing and 
demultiplexing stages.  It is anticipated that as better integrated filter technology and ease 
of packaging and stabilizing optical frequency combs becomes available, optical coherent 
signal processing will become a mainstay in optical communications and signal 
processing applications. 
 

Recommendations 
 
A frequency domain based architecture is described and discussed in this report for 
realizing RF and optical arbitrary waveform generators using optical frequency combs as 
an orthogonal basis set.  The resulting arbitrary waveforms have the potential to possess a 
very high spur free dynamic range.  Key to this high degree of fidelity is the need to 
realize endless phase modulation.  The proposed approach achieves this by ‘time domain 
interleaving’ waveform segments to generate continuous arbitrary signals without signal 
signatures relating to phase modulators being reset.  Future research should be related to 
further improvement in the time interleaving approach, as well as integration of the 
independent optoelectronic components, e.g., filtering/channelizing technologies and 
modulator technologies.  An increase in the output optical power of the comb source as 
well as the power handling requirements of photodetectors would also be warranted. 
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